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ABSTRACT 
In the material characterization by a line-focus- 
beam acoustic microscope, objective of the 
measurement is the phase velocity and attenuation of 
leaky surface acoustic waves. This paper investigates 
how the analytical property, namely poles, zeros and 
branch cuts, of an acoustic reflection Coefficient affects 
the measurement of the leaky Rayleigh wave and other 
modes excited on a specimen with layered structure. A 
pseiido-Sezawa wave is suitable for the accurate 
measurement, i f  fd(f frequency, &layer thickness) is 
large. On the other hand, a Rayleigh wave is 
recommended f o r  the measurement of a specimen with 
a thin layer. We also find that the pole and zero reach 
to  a close vicinity of the longitudinal branch point 
when the thickness approaches to zero, arid this is 
responsible for a velocity difference between a bulk 
longitudinal wave and a leaky surface skimming 
compressional wave. A specimen with a "fast" layer on  
a "slow" substrate is also theoretically investigated. 
INTRODUCTION 
For quantitative measurement of elastic 
properties, a line-focus-beam(LFB) acoustic microscope 
was developed[l], and thanks tu its superb stability, 
excitations of many modes of leaky surface acoustic 
waves (LSAW's) were identified in the V(z) curves[2] 
including a leaky Rayleigh wave. The V(z) 
measurement with the LIT3 acoustic micioscope was 
applied to specimens with layered structures, and  i t  was 
found to be useful for  the elastic evaluation o f  these 
specimens. To achieve a sufficient accuracy in the 
measurement, it is important to choose a condition to 
excite a proper mode of the LSAW. This paper attempts 
to clarify the condition by investigating singularities of 
the acoustical reflection coefficient at a n  liquid-solid 
interface and their effect to the V(z) curves. Specimens 
are assumed to be made of an  isotropic substrate with a 
single isotropic layer. If the longitudinal and shear 
wave velocities of the layer are slower than those of the 
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substrate, infinitely large number of modes exist[3], and 
the first and the second modes are the leaky Rayleigh 
wave and a leaky Sezawa[4] wave, respectively. On the 
other hand, if the velocities of the layer are faster than 
those of the substrate, the leaky Rayleigh wave in a 
limited range of the frequency is the only known 
mode[5]. This paper concentrates the theoretical and 
experimental study on these modes. 
RW1.ECTION COEFFIClENT FOR T H E  LIQUID/SOLID 
INTERFACE 
Let us first consider a n  isotropic solid half space 
loaded by liquid. The reflection coefficient of the 
acoustic plane wave incident upon the interface is 
written as161 
where k, is a wavevector component parallel to the 
interface, pIv and p. are densities o f  the liquid arid solid 
respectively, kl=o)/VI and k,=o)/VF are wavenumbers of 
longititdinal and shear waves in the solid respectively. 
VL a n d  V, are longitudinal a n d  shear wave velocities i n  
the solid, respectively, and 61 is the angular frequency. 
Wavevector components perpendicular to the interface 
are 
--___ 
kj, = dkj2 - kX2 . ( j = I, S ,  ar~d W )  (2) 
where kw=o)/Vw and Vrv is a sound velocity in the 
liquid. Thus, each k,, has branch points at k,= +k, in  a 
complex k, plane, ami  we take branch cuts emanating 
from the branch points t o  keep ki7 single valued. A cut 
is taken from k, to k,+im, and the other fronl -k, t o  -k,-i-. 
We analy7e the branch point singularities of the 
reflection coefficient at k,= k, in the following, but the 
same argument is also applied to the singularities at k,= 
-kj. Because we choose a principal value for the square 
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root on the real axis of k,, points 1, 2 ,3  and 3' on the 
complex k, plane shown in Fig. 1 are mapped into 
corresponding points, (l), (Z), (3) and (3') in the complex 
kjz plane. We call this Riemann sheet of complex k, a 
physical plane, because any poles of the reflection 
coefficient on  this plane readily affect its values on the 
real axis, and kjz satisfies the physical condition for 
leaky waves[7]. If k, goes from the point 3 into the 
clockwise direction, or from the point 3' into the 
counter clockwise direction, crossing the branch cut, it 
is on the other Riemann sheet of k,, which is called an 
unphysical plane in this paper. Conventionally, poles 
on this sheet are discarded because they d o  not satisfy 
the physical condition for leaky surface waves[7]. 
However, these poles sometimes affect the 
experimental observation[8-10], and it is really the case 
for the V(z) measurement of layered specimens. 
We calculated the locations o f  poles and zeros of 
the reflection coefficient in the complex k, /ksv plane, 
taking water and fused quartz for the liquid and solid, 
respectively. Material constants used in the calculation 
are shown in Table I. These values were chosen as 
representative ones for theoretical calculation. The 
poles and zeros for the Rayleigh wave and Scholte 
wave[ll j  were found on the physical plane. Others are 
a l l  on  unphysical planes. There are a pole and a zero 
very close to the longitudinal branch point (k,/k, = 
0.2508, 0.25106 and 0.25134 for zero, pole and branch 
point respectively), and the particular plane they are on 
is connected to the physical plane at  the longitudinal 
branch cut (See Fig. 2). Therefore, their effect cannot be 
neglected even though they are on the unphysical 
plane. This is the reason why the phase of the reflection 
coefficient changes so abruptly at the longitudinal 
critical angle(See Fig. 3). 
Re 
I'SEUDO-SEZAWA WAVE 
When we deposit a layer on the solid half space, 
there appear other modes giiided along the surface, and 
if the shear wave velocity in the layer is slower than 
that in the substrate, a Sezawa wave is included in 
them. If the frequency is lower than a cutoff frequency, 
the Sezawa wave becomes leaky towards the solid 
substrate, and is called a pseudo-Sezawa wave[l2]. 
A pole and  a zero associated with the pseudo- 
Sezawa wave were calculated by a Newton-Raphson's 
method using a reflection coefficient formulated with a 
matrix method[l3]. A gold layer was assumed on a 
fused quartz half space. Figures 4(a) and 4(b) show loci 
of the pole and zero near the shear and longitudinal 
branch cuts for the substrate as a normalized frequency 
(fd: f is frequency and d is layer thickness) is varied. 
When fd becomes smaller the pole and zero get closer 
t o  the longitudinal branch point, and in Fig. 4(b) at fd  
around 4.5 Hzm they submerge into the unphysical 
plane. At fd=O €Izm, they reach to the real axis. 
Therefore, the pole and zero we found in the vicinity of 
the longitudinal branch point for the solid half space 
are in fact those f o r  the pseudo-Sezawa wave in the 
limit of fd =O IIzm. 
Figures 5(a) and 5(b) show the amplitude and 
phase respectively of the reflection coefficient of the 
gold layered fused quartz with different layer 
thicknesses. It is noticed that the reflection coefficient 
resembles to  that for the layerless case(Fig. 3) when fd is 
smaller than 10 Hzm. This means that the effects of the 
pole and branch point are mixed when they are close 
together regardless whether the pole is on the physical 
or unphysical plane. 
Im 
,~ Re 
Fig. 1 Complex planes of wavevector components around a branch point. (a) complex k, 
plane with a branch cut from kx=kj to k,+i-, (b) complex k,, plane. Points I,  2 , 3  and 3' 011 k, 
plane correspond to (l), (Z), (3) and (3') on kj7 plane. 
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Fig. 2 Location of pole and  zero near the longitudinal 
branch point o n  the complex k, / k, plane of a reflection 
coefficient at  an interface between water and fused 
quartz. Filled and open circles are pole and zero, 
respectively, on  the iinphysical plane. Dashed line is for 
the branch cut at k,=kl. 
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Now let us assume that the velocities in the layer 
are faster than those in the substrate. If the surface is 
not loaded with a liquid, i t  was shown[5) that there is 
only one mode of SAW with a cutoff frequency. In [5] 
propagation characteristics of the SAW were calculated 
for a specimen consisting of a Si layer on a ZnO 
substrate. The materials were assumed to be isotropic 
and the material constants given in Table I were used 
for the calculation although they are anisotropic in fact. 
We calculated the reflection coefficient for this material 
combination assuming that the surface is loaded with 
water. The locations of the pole and zero of the 
reflection coefficient in a k,/k, plane are plotted in Fig. 
6 for different values of fd (a product of the frequency 
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and the layer thickness). When fd is zero, the pole 
corresponds to the leaky Rayleigh wave on the 
substrate. The pole moves toward the branch point of 
the shear wave of the substrate as fd increases. At the 
cutoff (i.e. branch point), the pole submerges into the 
unphysical plane, and  goes deeper as fd increases. 
Because the pole is on the unphysical plane, it hardly 
affects the V(z) measurement when fd is much larger 
than the cutoff. On the other hand, when fd is close to 
the cutoff, the effect of the pole is mixed with that of the 
branch cut. 
The location of the zero is complex conjugate t o  
that of the pole, but always remains on the physical 
plane except for a region of fd just above the cutoff. The 
zero crosses the real axis on the physical plane, hence 
the reflection coefficient goes to zero, at fd slightly 
larger than the cutoff. 
V(z) CURVES OF I,FB ACOUSTIC MICROSCOPE 
An elaborate description of V(z) analysis f o r  LFB 
acoustic microscope is found in [2]. Hence, only a brief 
summary is presented here. I n  the LFB acoustic 
microscope, the amplitude I V(z) 1 is a measitrand. The 
influence of the measurement system, namely the 
acoustical lens, is eliminated by subtracting a I VL(Z) I 
curve from a measured I V(z) I curve to give a 
normalized curve, Vl(z). The I VL(Z) 1 is obtained by 
taking a specimen of lead or Teflon which has an 
almost flat reflection coefficient over the incident 
angles covered by the acoustical lens. A signal 
processing, including the digital filtering, is 
incorporated here to obtain a stable result. V[(z) then 
undergoes a spectral analysis to obtain the Fourier 
spectrum F(k), from which the phase velocity and the 
attenuation are extracted. 
It can be shown[l4] that 
- 20 tIz rn F(k)= i L,Au ~ i F ( k - 0  dt ei~tRR,*(t)s inc[Au(t- l+k)]  
(3 1 
e 1.0 -, 0.9 - 10 H z  rn 
5 t i z  m 
- - . . . . - 
- - - -  
- 
U =(z,+%)k,, Au=(zl-zg)kw, and t = k, / k, 3 cose where e 
is an incident angle. Z I  and zo are the starting and 
ending z-position of the lens movement. L, is a 
constant due  to the system response. R,(t) is a rapid 
varying part of the reflection coefficient corresponding 
to singularities. Eq. (3) means that the Fourier spectrum 
F(k) is a convolution of R,*(t) and sinc[Au(l-t)] exp(iu(1- 
t)). A good approximation of &was  already derived[l5] 
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Fig. 5 Incident angular dependence of a reflection 
coefficient for a gold layered fused quartz loaded with 
water. (a) Amplitude and (b) phase. fd=20, 10 and 5 IIzm 
for solid, dotted and dashed lines, respectively. 
€ig. 6 Loci of pole and zero of a Rayleigh wave on a 
ccirnplex plane k, /k,v as a fitnction o f  normalized 
frequency, fd. Silicon layer on ZnO substrate, both 
assumed to be isotropic. 
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kP2 - ko2 
kX2 - k: 
R, = 
(4) 
where kp=kR+iaK and k o = k ~ - i a ~ .  R, varies gradually, 
and its variation is symmetric around the Rayleigh 
critical angle. Thus, the convolution with a sinc 
function hardly alters the value of the critical angle. 
The relative accuracy of +_0.01% and the absolute 
accuracy of 0.3% were achieved in the Rayleigh wave 
velocity measurement[l6]. However, this does not hold 
f o r  the LSSCW for hard materiais, the pseudo-Sezawa 
wave with a small fd, and the Rayleigh wave of the 
"fast" layer on the "slow" substrate near the cutoff. 
Then, the reflection coefficient changes abruptly 
without symmetry because the pole hidden i n  the 
unphysical plane is very close to the branch point. 
Hence, the convolution with a sinc function causes a 
shift of the peak in the Fourier spectrum F(k). 
Optically polished specimens of fused quartz 
(Corning 7940) were prepared and gold layers with 
different thicknesses were formed by the vacuum 
evaporation. V(z) curves were measured with an LFB 
acoustic microscope operating at 225 MHz. Fig. 7 shows 
a V(z) curve for the specimen with a O.11pm-thick layer. 
Oscillations due to the pseudo-Sezawa wave and the 
Rayleigh wave are both recognized. Through the 
standard procedure[2] as briefly described above, the F(k) 
and then the phase velocity and attenuation of the 
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Fig. 7 Experimental V(z) curve of fused quartz with a 
0.llpm-thick gold layer measured with LFB acoustic 
microscope. 
pseudo-Sezawa wave were obtained. The pole positions 
were calculated from the measured phase velocity and 
attenuation by kp=kK+iaR and plotted in Fig. 8. For the 
specimens with fd larger than 24 Hzm, the position 
agrees with theoretical expectation. However, it is no 
more accurate for the specimens with smaller fd's: the 
imaginary part becomes too large and the real part stays 
at a value little larger than the branch point though in 
fact the pole submerges into unphysical plane. 
CONCLUSION 
It was shown that the Fourier spectrum F(k) of a 
normalized V(z) in the LFB acoustic microscope is 
approximately equal to a varying part of the reflection 
coefficient, R,=R-1, convolved with a sinc function 
which represents a finite working distance of the lens 
movement. We have also shown that a pole hidden on 
the iuiyhysical Riemann sheet is responsible for the 
very rapid phase change at the longitudinal critical 
angle of the reflection coefficient for hard materials. 
The pole comes out to the physical Riemann sheet as a 
pseudo-Sezawa wave if a surface layer with a slower 
material is deposited. When the velocity of the layer is 
faster, the pole of the Rayleigh wave goes into the 
unphysical Riemann sheet at the cutoff frequency. The 
abrupt and asymmetric variation of the reflection 
coefficient causes a shift of the peak in the Fourier 
spectrum F(k) and results in an inaccurate 
measurement. Therefore, f o r  the accurate 
measurement of layered specimens, it is very important 
to choose an appropriate LSAW mode with a pole not 
close to the branch point. 
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Pig. 8 Location of poles on a complex k,/k,, plane 
obtained from the phase velocity and attenuation 
measured by LFB acoustic microscope. Specimens were 
fused quartz with gold layers. 
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Table I Material constants used in the calculation of reflection coefficient 
density longitudinal velocity shear velocity material 
Ikg/m 31 [m/sI [ m / s I  
5968 3764 fused quartz 2200 
gold 19320 3240 1220 
water 1000 1500 - 
silicon 2300 8945 
m 5600 6000 
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